A combination of experiments and extensive modelling, including a chemical kinetics analysis, was performed for a CO2/H2O plasma in a dielectric barrier discharge. This provides a better understanding of the mechanisms related to the reactivity of the plasma and of the conversions into value-added products, such as methanol.
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Description of the model 2.1. 0D Chemical Kinetics Model
The computational model used in this work to describe the plasma chemistry is a zero-dimensional (0D) kinetic model, called Global_kin, developed by Kushner and coworkers [3] . In this work the 0D plasma chemistry module and the Boltzmann equation module are used.
The time-evolution of the species densities is calculated, based on production and loss processes, as defined by the chemical reactions.
The rate coefficients of the heavy particle reactions depend on the gas temperature and are calculated by Arrhenius equations. The rate coefficients for the electron impact reactions are a function of the electron temperature, and are calculated in the Boltzmann equation module. Finally, the electron temperature is calculated with an energy balance equation.
Plasma Chemistry Included in the Model
The CO2 chemistry used in this study is adopted from the work of Aerts et al. [4] and the hydrocarbon chemistry from the work of Snoeckx et al. [5] , while the H2O/O2 chemistry was taken from the work of Van Gaens and Bogaerts [6] to take into account the corresponding reactions with CO2. The total chemistry set considers 122 different species, which react with each other in 344 electron impact reactions, 930 ion reactions and 537 neutral reactions. Their corresponding rate coefficients and the references where these data were adopted from are listed in [4] [5] [6] .
Experimental
The experiments are carried out in a coaxial DBD reactor (see Fig. 1 ). A stainless steel mesh (ground electrode) is wrapped over the outside of an alumina tube with an outer and inner diameter of 30 and 26 mm, respectively. A copper rod with a diameter of 22 mm is placed in the centre of the alumina tube and used as high voltage electrode. The length of the discharge region is 100 mm with a discharge gap of 2 mm, giving rise to a discharge volume of 15.1 cm3. The DBD is supplied with an AFS generator G10S-V for a maximum power of 1000 W, with peak-to-peak voltage of 5 kV and frequency of 28.06 kHz. The Q-U Lissajous method is used to calculate the discharge power. The energy input is defined as the SEI (specific energy input), which is equal to the ratio of the calculated plasma power to the gas flow rate. 3 ISPC-22, Antwerp, Belgium, 5th-10th July 2015, P-II-8-26, http://www.ispc-conference.org/ispcproc/ispc22/P-II-8-26.pdf CO2 is used as feed gas with a flow rate of 250 and 500 mLn.min -1 with a continuous flow of water vapour. This water vapour is generated in a controlled manner using a steam generator (CEM mixer Bronkhorst). Between 0 and 12 % of water vapour was added to the CO2 plasma. Furthermore, the entire system is heated up to 50 °C to avoid condensation and to promote nebulization of the water through the discharge. The CO2 conversion is studied using mass spectrometry (Hiden Analytical QGA MS) and optical emission spectroscopy (Andor Shamrock 500i OES), while electrical characterisation is performed by means of an oscilloscope (Tektronix DPO 3032) to evaluate the properties of the discharge. A small amount of H2 is always observed by mass spectrometry when the plasma contains H2O.
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Results
First, we will discuss the experimental results (section 4.1), explaining the effect of the water vapour and the residence time on the CO2 and H2O conversion. Subsequently we will compare these experiments with our modelling results, based on reactant conversion and product selectivity. This allows us to use the plasma chemistry in the model to describe and explain the observed trends (section 4.2).
Experimental Results
In Fig. 2 By increasing the flow rate from 250 mLn/min to 500 mLn/min, the residence time drops by a factor 2, thus the exposure time of the gas molecules to the discharge is shorter, and both the CO2 and H2O conversion decrease, as can be seen in Fig. 3 . The presented results 4 ISPC-22, Antwerp, Belgium, 5th-10th July 2015, P-II-8-26, http://www.ispc-conference.org/ispcproc/ispc22/P-II-8-26.pdf show that the CO2 and H2O conversion increase when the energy density, i.e. higher SEI, is applied for both CO2 flow rates under study (see Figs. 2 and 3) . For all investigated cases the main products formed are CO, H2 and O2. The increase in conversion with increasing SEI is however not strong enough to compensate for the higher energy use, resulting in a decrease of the energy efficiency. This effect is in line with other investigations, albeit for different gas mixtures [7] [8] [9] [10] . In summary, the CO2 and H2O conversion show higher values at low concentrations of H2O and high SEI, while the energy efficiency is higher at low SEI and low H2O concentrations.
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Analysis of the Plasma Chemistry
To obtain a one-to-one comparison between the experiments and our simulations, we performed simulations mimicking the exact experimental conditions. The same trends were observed as for the experiments with regard to the conversion of CO2, H2O and the selectivity towards CO, H2 and O2 (currently, the calculations are not all finished yet, but in the presentation, the calculation results will be compared in detail with the experimental data). This allows us to use the plasma chemistry in the model to describe and explain the observed trends. The kinetic analysis reveals that the most important process is the reaction between CO and OH:
This reaction controls the ratio between the conversion of CO2 and H2O. To explain this in a very simple way, the following will be the main reaction path taking place: 5 ISPC-22, Antwerp, Belgium, 5th-10th July 2015, P-II-8-26, http://www.ispc-conference.org/ispcproc/ispc22/P-II-8-26.pdf
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Reactions (1) and (2) lead to the (electron impact) dissociation of CO2 and H2O, yielding the products OH and CO. However, due to the fast reaction rate constant of (3) these radicals will recombine to form again CO2. Thus, two H atoms and one O atom are formed, and as explained before [10] , these atoms recombine quickly to form OH and H2O through reactions (4) and (5), respectively, which are both very fast reactions as well. In the end, this leaves us exactly where we started (6) . This is the reason why the conversion of CO2 decreases when H2O is added and especially why no production of methanol is observed. Indeed, all the hydrogen atoms that are needed to start forming CH and CHO fragments are being steered to OH and subsequently H2O again.
Conclusions
We demonstrated that adding water to a CO2 plasma in a DBD leads to a steep decrease in the CO2 conversion, and when adding even more water both the CO2 and H2O conversion keeps decreasing slightly. As observed for other CO2 mixtures, the conversion increases with increasing SEI, resulting from a decreasing residence time or increasing power. The energy efficiency shows the opposite trend and thus increases with decreasing SEI. The main products formed are CO, H2 and O2, and no methanol formation was observed experimentally. We were able to match the experimental results with our model calculations for an extensive chemistry set. The kinetic analysis of our model revealed why the CO2 conversion decreases when adding water and especially why there was no methanol formation observed. In general, the main reactive species formed in the plasma are OH, CO, O and H. The problem is that the fastest reactions are the recombination reactions of OH and CO to CO2 and H and the recombination reactions of O and H to OH and subsequently H2O.
As we are able to correlate the lower CO2 conversion with these reactions, this allows us to look for possible solutions. When combining the plasma with a catalyst, we should look towards a catalytic system, which is for example able to recombine the present H atoms to molecular hydrogen before it has the chance to recombine to OH and H2O. Also a catalyst which is able to transform the CO together with H2 to methanol before the CO recombines with OH to CO2, would be interesting.
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